Introduction
============

Lipid droplets (LDs) and lysosomes are specialized subunits within cells. These organelles perform specific tasks that are critical to a host of cellular functions. For example, as the most hydrophobic sub-structures within cells, LDs contain a hydrophobic core of neutral lipids (mainly cholesterol and acyl-glycerol)[@cit1] and serve to store lipids for energy generation and membrane synthesis. Lysosomes are typically acidic organelles (pH 4.5--5.0) that play a critical role in the digestion and clearance of endocytosed and endogenous intracellular materials.[@cit2] LDs and lysosomes also interact with one another in the context of certain biological processes. For instance, lysosomes are involved in the metabolism of lipid droplets. Moreover, a dynamic cooperation between LDs and lysosomes is critical for cellular energy metabolism with dysfunction being correlated with various metabolic[@cit3] and lysosomal storage diseases.[@cit4] An ability to label and track LDs and lysosomes could provide new insights into their mutual interactions, as well as their individual roles within working cells. Appropriate probes for this purpose could also see utility in the evaluation of therapeutic agents and the organelle-specific effects of toxins, cellular stress, and disease. Here we report a naphthalimide-based fluorescent probe, **NIM-7**, that allows lipid droplets and lysosomes to be labelled simultaneously and visualized separately using different excitation and detection channels. Specifically, as a result of the disparate subunits within **NIM-7** and the different microenvironments of these two organelles, emission in the yellow and red fluorescence regions is seen for lipid droplets and lysosomes, respectively. This permits quantitative imaging in various cell lines by means of high resolution microscopy.

Owing to their high selectivity, sensitivity, and ease of use, fluorescent probes have assumed central roles within both the chemical and biological communities.[@cit5] Traditionally, probes were designed to show specific response toward a specific analyte or class of analytes. However, probes capable of displaying different response functions when exposed to different inputs, have attracted increasing attention in recent years, in part because they show promise for the construction of so-called molecular logic gates and molecular keypad lock devices.[@cit6] Although a considerable number of multi-functional fluorescent probes have been reported to date, as a general rule a differential response is displayed only upon exposure to vastly different species (neutral *vs.* ionic analytes)[@cit7] or localization in disparate biological environments.[@cit8] Differential organelle labelling remains a particular challenge. This is mainly due to the fact that small molecule fluorescent probes are generally dispersed in the cytoplasm after penetrating the cell membrane before accumulating in a specific organelle or subcellular zone. Although poor probe specificity affords obliquely the possibility of imaging two or more organelles, there are no reports to our knowledge on the use of a single molecule to label and image two or more organelles simultaneously with high selectivity in living cells.

Recently, so-called super-resolution microscopic (SRM) techniques, including STED (stimulated emission depletion),[@cit9] SIM (structured illumination microscopy),[@cit10] STORM (stochastic optical reconstruction microscopy)[@cit11]/PALM (photoactivated localization microscopy),[@cit12] and RESOLFT (reversible saturatable optically linear fluorescence transitions),[@cit13] have emerged as powerful tools in cell biology due to their resolution beyond the diffraction-limit, axial sectioning capability, as well as high imaging speed. These features have permitted new and exciting insights into the structural organization of cells, as well as the dynamics of biomolecular assemblies over a wide range of timescales.[@cit13],[@cit14] Therefore, combined with an appropriate probe, SRM could permit the concurrent monitoring lipid droplets and lysosomes. The present study was designed to test this possibility.

Inspired by our recent discoveries that a weakly basic derivative of naphthalimide can be protonated within the acidic microenvironment of lysosomes,[@cit15] we were prompted to test further what we expected would be a naphthalimide-based multi-organelle specific fluorescent probe, namely the previously reported system \[(*E*)-2-(2-(dimethylamino)ethyl)-6-(4-(diphenylamino)styryl)-1*H*-benzo\[*de*\]isoquinoline-1,3(2*H*)-dione\] (termed **NIM-7**).[@cit16] In **NIM-7**, the diphenylamine, styryl, and 1,8-naphthalimide moieties were expected to act as an electron donor (D), a π-bridge, and an electron acceptor (A), respectively. Predicative photophysical analyses (*vide infra*) revealed that the emission colour of **NIM-7** is not influenced by the acidity. Therefore, protonation of the dimethylamino group of **NIM-7**, which was expected to drive accumulation of the probe molecules in lysosomes,[@cit17] was not expected to perturb the inherent red fluorescence. In contrast, the emission characteristics of **NIM-7** proved quite sensitive to the polarity of the solvent medium. In particular in hydrophobic environments, such as within LDs, **NIM-7** gives rise to a yellow fluorescence. As a result, we postulated that **NIM-7** might have a role to play as a two-colour fluorescent probe capable of imaging LDs (or lipid-rich tissue) and lysosomes simultaneously by monitoring the different emission colours produced in these two subcellular environments ([Scheme 1](#sch1){ref-type="fig"}). Test of this hypothesis are described below. Briefly, we found that the microenvironment (that is, polarity and acidity) of these two organelles (or tissues) can in fact be distinguished as inferred from cell studies and zebrafish embryos. **NIM-7** is able to track LDs and lysosomes dynamics concurrently in real-time. In addition, probe **NIM-7** could be used to achieve the super-resolution imaging of LDs and lysosomes at the nanoscale level and at higher resolution than typically seen using laser scanning confocal microscopy (CLSM).

![Molecular structure of the fluorescent probe **NIM-7**. The function of each moiety within the overall **NIM-7** structure is highlighted (CT: charge transfer; NIR: near infrared).](c8sc04462g-s1){#sch1}

Results and discussion
======================

**NIM-7** was synthesized *via* the Heck coupling of *N*,*N*-diphenyl-4-vinylaniline with 6-bromo-2-(2-(dimethylamino)ethyl)-1*H*-benzo\[*de*\]-isoquinoline-1,3(2*H*)-dione in moderate yield according to the previously reported literature (Scheme S1[†](#fn1){ref-type="fn"}).[@cit16] The structure **NIM-7** was determined by ^1^H-NMR and ^13^C-NMR spectroscopies and high-resolution mass spectrometry (HRMS), while the purity was assessed by high performance liquid chromatography (HPLC).

In order to evaluate whether **NIM-7** could act as a fluorescent cell imaging probe, we first investigated the chemical stability of **NIM-7** in the presence of intracellular nucleophiles, including GSH, Cys, and H~2~O~2~. As shown in Fig. S1,[†](#fn1){ref-type="fn"} treatment with an excess of these species cause negligible spectroscopic changes. This leads us to suggest that **NIM-7** might prove stable in various subcellular environments. The cytotoxicity and photostablility of **NIM-7** in cells were also determined. As shown in Fig. S2a,[†](#fn1){ref-type="fn"} it was found that **NIM-7** has no obvious cytotoxicity on four test cell lines (Hep3B, HepG2, HeLa and IMCD3) after 24 h incubation. This was true even when a 10-fold excess was used relative to what expected to be used for cellular imaging. The photostability of **NIM-7** was also tested. Under conditions of CLSM imaging in HeLa cells, *ca.* 90% of the original fluorescence intensity remained after 15 min of irradiation (Fig. S2b[†](#fn1){ref-type="fn"}). On the basis of these predicative studies, we considered it worth testing **NIM-7** in the context of cellular imaging.

A first set of CLSM imaging studies were carried out using HeLa cells incubated in the presence of **NIM-7**. As shown in [Fig. 1](#fig1){ref-type="fig"} (first panel), after excitation at 488 nm, the cells were characterized by the presence of dozens of yellow fluorescent spots which nicely colocalized with a commercially available dye (HCS LipidTOX™ Deep Red Neutral Lipid Stain) for lipid imaging. Upon excitation at 561 nm, numerous red fluorescent spots were observed; again, these were found to colocalize with commercial dye (LysoTracker® Blue DND-22) for lysosome imaging ([Fig. 1](#fig1){ref-type="fig"}, second panel). However, these two fluorescent signals do not colocalize with two other organelle-specific dyes, namely MitoTracker™ Deep Red FM and ER-Tracker™ Blue-White DPX that are used to probe the mitochondrion and the endoplasmic reticulum, respectively. Moreover, an analysis of the merger of the two excitation outputs (yellow and red) seen for **NIM-7** provides support for the contention that the two signals are not located in the same subcellular zone. We thus infer that the signals are derived from the two targeted organelles, LDs and lysosomes. **NIM-7** was also tested in several other cell lines, such as HepG2, Hep3B, and IMCD3. The results, presented in Fig. S3,[†](#fn1){ref-type="fn"} are consistent with the notion that **NIM-7** can be used as a general probe to visualize simultaneously LDs and lysosomes in a range of cell lines.

![Confocal microscopic images of HeLa cells stained with **NIM-7** and commercial probes. Cells were stained with 0.5 μM **NIM-7** for 1 h, or HCS LipidTOX™ Deep Red Neutral Lipid Stain (1 : 1000 dilution) for 0.5 h, or 50 nM LysoTracker® Blue DND-22 for 0.5 h, or 50 nM MitoTracker™ Deep Red FM for 0.5 h, or 100 nM ER-Tracker™ Blue-White DPX for 0.5 h. Scale bar: 20 μm.](c8sc04462g-f1){#fig1}

To obtain insights into the localization mechanism of **NIM-7** in living cells, we disrupted the acidic microenvironment characteristic of lysosomes by adding chloroquine (CQ), which can elevate the pH of the lysosome from 4.5 to 6.5.[@cit15],[@cit18] After pre-incubation with 50 μM CQ for 0.5 h, a lower level of **NIM-7** accumulation in lysosomes was observed compared to the untreated case (Fig. S4[†](#fn1){ref-type="fn"}). However, this pretreatment did not influence the LD-based signal produced by **NIM-7** (Fig. S4b and e[†](#fn1){ref-type="fn"}).

It is recognized that LDs are highly dynamic organelles, particularly in the face of an energy shortage. Previous studies have led to an appreciation that autophagy can regulate lipid metabolism under conditions of nutrient deprivation, events that involve the lysosomes.[@cit19] Several of the authors have also shown that the contents of lipid droplets can be metabolized during glucose starvation.[@cit20] Therefore, an effort was made to test whether **NIM-7** could be used to observe the dynamics of lipid droplet change in cells deprived of glucose. As shown in Fig. S5,[†](#fn1){ref-type="fn"} the number of lipid droplets decreased dramatically after IMCD3 cells were cultured for 12 h culture in the absence of glucose. However, no obvious changes on lysosome number were observed. We thus believe that protonation within the acidic microenvironments of lysosomes is the key factor that allows **NIM-7** to be used for labelling lysosomes, while the hydrophobicity of **NIM-7** permits its use in visualizing hydrophobic LDs.

To explain the imaging colour of **NIM-7** in these two organelles, the photophysical behaviour of **NIM-7** in solvents with different polarities was investigated. As shown in [Fig. 2a](#fig2){ref-type="fig"} and Table S1,[†](#fn1){ref-type="fn"} the photoluminescence (PL) emission spectra of **NIM-7** displayed apparent positive solvatochromism; *i.e.*, with increasing solvent polarity, the emission maximum of **NIM-7** was red-shifted \[*e.g.*, *λ*~PLmax~ = 549 nm in toluene; *λ*~PLmax~ = 670 nm in dimethyl sulfoxide (DMSO)\]. Quantum yields that decreased with polarity were also seen (*e.g.*, *φ*~PL~ = 0.81 in Tol, *φ*~PL~ = 0.015 in DMSO).[@cit16] In mixtures of Tol + DMSO, intermediate behaviour was seen that was a clear function of the solvent ratio (Fig. S6[†](#fn1){ref-type="fn"}). Such spectral changes are consistent with strong intramolecular charge transfer (ICT) character in the lowest singlet excited state. However, as can be seen from an inspection of [Fig. 2b](#fig2){ref-type="fig"}, the emission wavelength of **NIM-7** is insensitive to the pH in a mixture of DMSO/H~2~O (v/v, 75/25).

![(a) Normalized fluorescence spectra of **NIM-7** recorded in solvents with different polarities under an excitation of 450 nm. (b) Emission maxima recorded for **NIM-7** (20 μM) upon titration with trifluoroacetic acid (TFA, 20--400 μM) in a mixture of DMSO/H~2~O (v/v, 75/25). The excitation wavelength was 430 nm.](c8sc04462g-f2){#fig2}

Taking into consideration that **NIM-7** is hydrophobic (Fig. S7[†](#fn1){ref-type="fn"}), as well as the fact that fetal serum albumin (FSA) is present in the culture medium and that **NIM-7** may interact with this and other proteins, we carried out imaging experiments with bovine serum albumin (BSA) either present in, or absent from, the medium. As shown in Fig. S8,[†](#fn1){ref-type="fn"} we found that protein in fact plays an important role in the internalization of **NIM-7**. In the absence of serum, the localization of **NIM-7** in both lipid droplets and lysosomes decreased. However, the expectation that BSA or other proteins would be present under most conditions of use, led us to explore whether **NIM-7** could be used to probe the microenvironments of LDs and lysosomes.

To test this possibility, HeLa cells were incubated with **NIM-7**. The fluorescence emission features of the cells were then recorded. As shown in [Fig. 3a](#fig3){ref-type="fig"}, the lipid droplet-rich and lysosome-rich zones gave rise to very different emission spectra ([Fig. 3b](#fig3){ref-type="fig"}). As noted above, relative to LDs, lysosomes constitute more polar microenvironments characterized by relatively high acidity. These organelles give rise to fluorescence emission features that are similar to those of **NIM-7** in DMSO. In contrast, the lipid-rich microenvironments of LDs are reflected in a fluorescence emission spectrum for **NIM-7** that resembles that produced in toluene. These differences provide support for the contention that **NIM-7** may be used to visualize simultaneously both lipid droplets and lysosomes.

![Fluorescence *λ* scanning results of cells incubated with **NIM-7** as recorded over different subcellular zones. (a) Representative image designed to highlight how within the circle the lipid droplet zone was scanned, while within the dotted circle the lysosome zone was scanned. (b) Plot of the mean intensity from scans over various *λ* zones from 450 to 750 nm with 10 nm integration. Values are expressed as the mean, *n* = 5; the error bars represent the SD; scale bar: 20 μm.](c8sc04462g-f3){#fig3}

It is well-established that cells are complex three-dimensional objects with organelles distributed in different subcellular zones. CLSM is usually used to capture single layer information upon imaging. CLSM can also be applied to scan different layers of the cells through the *z* axis to obtain 3D information ([Fig. 4a](#fig4){ref-type="fig"}). We thus used CLSM to carry out 3D imaging of LDs and lysosomes in **NIM-7** stained HeLa cells. As shown in [Fig. 4b](#fig4){ref-type="fig"}, the cellular distribution and numbers of these two organelles were found to be different at each layer along the *z* axis. From the resulting information, we are able to generate a 3D image of the cells in question ([Fig. 4c](#fig4){ref-type="fig"}).

![3D imaging of lipid droplets and lysosomes by **NIM-7**. (a) A scheme for 3D imaging procedure. (b) The images were captured from different layers. (c) 3D animation of **NIM-7** stained cells rotating on *x* axis. Scale bar: 10 μm.](c8sc04462g-f4){#fig4}

To overcome the diffraction limit associated with conventional fluorescent microscopy and obtain high-resolution images of lysosomes and LDs, we performed super-resolution imaging of **NIM-7** in cells using a structured illumination microscope (SIM). Four cell lines were chosen for these studies. The first were HeLa (human cervical cancer) and HepG2 (human liver cancer) cells. Both are human cancer cells. The third and fourth were the IMCD3 (mouse inner medullary collecting duct cell) and TTF (mouse tail-tip fibroblast) cell lines; both are mouse normal cells. Super-resolution imaging of the lysosomes and LDs allowed the structures of these two organelles to be imaged at a higher level than possible using traditional confocal microscopy ([Fig. 5a](#fig5){ref-type="fig"}, lower panel). In fact, we could measure quantitatively the number and diameter of the two organelles as established by previous studies.[@cit21] Compared to the HeLa cells (mean = 408 nm), the HepG2 cells (mean = 1173 nm) are generally contain much larger LDs ([Fig. 5b](#fig5){ref-type="fig"}). In the mouse cells, the diameter of the LDs from TTF (mean = 465 nm) is smaller than the ones from IMCD3 cells (mean = 135 nm). However, TTF cells have many more lysosomes than IMCD3 cells ([Fig. 5c](#fig5){ref-type="fig"}). These results suggested that **NIM-7** can be used to support super-resolution imaging of LDs and lysosomes with good specificity.

![Super-resolution microscope (structured illumination microscope) imaging and quantitatively measurements of lipid droplets and lysosomes in different types of cells stained with **NIM-7** (0.5 μM, 1 h). (a) Merged picture of the imaged LDs and lysosome in HeLa, HepG2, IMCD3, and TTF cells. Lipid droplets and lysosomes were excited at 488 nm and 561 nm, respectively. Lower panel: Enlarged view of selected regions shown in upper panel. Total numbers and diameters of LDs (b) and lysosomes (c) visualized by **NIM-7** in four cells from (a); error bars represent SD.](c8sc04462g-f5){#fig5}

LDs and lysosomes are not static. They typically move within the cytoplasm, presumably to affect more efficiently their dedicated biological functions. To date, only a few reports involving the dynamic tracking lipid droplets[@cit20],[@cit22] or lysosomes[@cit15b],[@cit23] have appeared in the literature. Encouraged by the good specificity, high photostability, and low cytotoxicity of **NIM-7**, it was applied to track concurrently the movement of LDs and lysosomes within HeLa cells. As true in our previous reports,[@cit15b],[@cit20] both LDs and lysosomes were seen to move quickly over the course of a short observation period (15 min, [Fig. 6](#fig6){ref-type="fig"}). Specifically, during a 45 minute imaging window, over 90% of these two organelles had moved under normal culture conditions. Of note, the fluorescence intensity did not show an obvious decrease during the imaging time (*cf.* Fig. S2b[†](#fn1){ref-type="fn"}).

![Real-time tracking lipid droplets and lysosomes dynamics in living cells by **NIM-7**. (a) Merged picture of the imaged LDs and lysosomes in HeLa cells at different time points. (b) Movement of LDs. (c) Movement of lysosomes. Different pseudo-colours are used to display the movement of lysosomes at different time points. Lipid droplets and lysosomes were excited at 488 nm and 561 nm, respectively. Scale bar: 10 μm.](c8sc04462g-f6){#fig6}

Zebrafish (*Danio rerio*), have been widely used as a model vertebrate organism.[@cit24] We thus sought to test if **NIM-7** could be used to visualize lysosomes and lipid-rich tissue in living zebrafish. Predicative studies revealed that **NIM-7** displays good photostability and little toxicity in zebrafish embryos (Fig. S2 and S9[†](#fn1){ref-type="fn"}). Thus zebrafish embryos (3 days post-fertilization, pdf) were labelled with 4 μM **NIM-7** for 2 h. Under the green channel, no obvious staining pattern was noted in an overall view ([Fig. 7b](#fig7){ref-type="fig"}). However, upon zooming in, a classic lysosome staining pattern could be observed from the lower portion of the eye to the tail of the embryo ([Fig. 7d and e](#fig7){ref-type="fig"}). Such a finding provides qualitative support for the suggestion that **NIM-7** may be used to visualize lysosomes *in vivo*. To confirm this inference, we treated the zebrafish embryos with CQ (200 μM) for 2 h followed by **NIM-7** staining (4 μM) for another 2 h. However, there were no obvious red fluorescent spots observed (Fig. S10[†](#fn1){ref-type="fn"}). We thus conclude that **NIM-7** may be used to visualize lysosomes in zebrafish embryos. We also imaged the stained embryos using a blue channel. Under these imaging conditions, the yolk sac showed yellow fluorescence ([Fig. 7c and f](#fig7){ref-type="fig"}). The embryonic yolk zone is well-known to be lipid-rich, thus this result provides support for the notion that **NIM-7** may be useful for imaging yolk lipids, as has been seen for other hydrophobic dyes.[@cit25]

![Zebrafish embryos imaged using **NIM-7**. The zebrafish embryos (3 dpf) were incubated with 4 μM **NIM-7** for 2 h. (a) White field image of a zebrafish embryo. Fluorescent images of the zebrafish embryo excited at green channel (505--535 nm) (b) and blue channel (475--495 nm) (c). (d--f) are enlarged from (b) and (c). The images of unlabelled zebrafish embryo, (g) white field; (h) green channel; (i) blue channel.](c8sc04462g-f7){#fig7}

Conclusions
===========

In summary, a fluorescent probe (**NIM-7**) has been developed that allows for the specific and concurrent imaging of both LDs (or lipid-rich tissue) and lysosomes in cell lines and zebrafish embryos. **NIM-7** accumulates in lipid droplets, a microenvironment rich in neutral lipids, where it gives rise to an easy-to-discern yellow fluorescence. **NIM-7** also accumulates in lysosomes, a classic acidic microenvironment, where it displays red fluorescence. This probe is able to visualize LDs and lysosomes *via* super-resolution microscopy. It also allows 3D imaging and real-time tracking using CLSM. To the best of our knowledge, this is the first small-molecule fluorescent probe to stain LDs and lysosomes specifically through different fluorescent emission colours. It and other dual imaging probes may thus emerge as useful tools for quantifying and characterizing various subcellular microenvironments.
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